The mechanism of the Cathode Ray Oscillograph is described and illustrated. The character of the cathode ray image (" spot "), produced when the ray impinges on the fluorescent screen, is briefly considered. Simple associated circuits are explained (including a " Time base " circuit). The advantages and disadvantages of the Cathode ray tube as a bio-electrical recording device are briefly examined.
The object of this paper is to stimulate the interest of members of this Section in the possibilities of the cathode ray oscillograph as a bio-electrical recording device, and to give some indication of its scope in, and the methods of using it for, such work. The presentation of the subject is elementary, but, it is hoped, of such a practical character as to be helpful. It is necessarily coloured by the author's own work on the application of the cathode ray tube to the delineation and recording of the human electrocardiogram, but it is considered that some of the principle3 involved may have a wider and more general significance.
Beginning with the Cathode Ray Oscillograph itself. Inside the Wehnelt cylinder is the filament or cathode, at the top of the arch -of which is a blob of barium oxide, which will emit electrons profusely when the filament is heated by the passage of the filament current (about 1 amp. at 0 5 volt). The electrons are attracted to the anode, or " gun," which is at high positive potential with respect to the filament. At the same time the electrons are concentrated into a sheath by the negative bias applied to the Wehnelt cylinder. (It will be remembered that the electron carries a negative electrical charge, being in fact the unit of negative electricity.) Most of the electron3 emitted from the filament will pass therefore 24 -f i F < c -! t~' . . . . . . * . i W _ Section of Physical Medicine 595 through the small hole in the centre of the anode, constituting the cathode ray, or electron jet. We have therefore a beam of minute particles (the diameter of an electron is 4 X 10 -13 mm., and its mass about -fo of that of the hydrogen atom), and thlis beam is charged negatively. The cathode ray then passes successively between two pairs of plates, each pair set at a right angle to the other pair. If therefore one plate of a pair is at a positive potential compared to its fellow, the ray will be deflected towards it by its attraction for the negatively charged electrons constituting the ray. Deflexion of the cathode ray is therefore possible in two axes at right angles to one another, corresponding to the disposition of the two pairs of plates. It is usual convention to call the horizontal axis the X axis, and the vertical axis the Y axis. The potential of the cathode ray itself is that of the anode, and it is customary, and certainly a simplification, in cathode ray oscillograph practice, to think of the potential of the anode as 0, when considering the cathode ray tube itself. An important practical point should be mentioned here, that it is essential that any "free " deflecting plate (i.e. one not in use) must have metallic connexion to the anode, so that its maintained potential shall remain the same as that of the anode. If this is not done, spurious charges will collect on the free plate and cause so much deflection of the cathode ray that it may not even hit the fluorescent screen at all. After emerging from the fields of the deflecting plates the cathode ray moves in a straight line to the end of the cathode ray tube, where it impinges on the fluorescent screen and gives a visible so-called " spot," of character determined by the material from which the fluorescent screen is made. It will be realized that the speed at which the electrons move along the length of the tube is extremely rapid, being about one-twentieth the speed of light, but varying with the voltage applied to the anode; the greater the anode voltage, the faster their movement. But rapid though this passage is, there is nevertheless sufficient time for the electrons, each charged negatively, to repel one another sufficiently to spread the leam, so that there can be no accurate focus of the spot on the fluorescent screen.
In so-called "soft" cathode ray tubes, as used in the cardiograph, the beam is kept concentrated by the presence of a small quantity of inert gas in the tube (usually helium at a pressure of 10-2 mm. Hg). The passage of the cathode ray through this gas causes ionization of some of the gas molecules, with the production of positive ions. These are considerably larger and slower moving than the electrons, and tend to stay within the cathodle ray beam. And. since they carry a positive charge, they will attract the electrons, and thus keep the electron beam concentrated. With a given anode voltage, the variables determining an accurate focus of the spot on the screen are therefore three. First, the pressure of the inert gas within the tube ; this is a variable whichi is pre-determined by the manufacturers, and is not under the control of the operator. Secondly, the filament current (of the order of 1 amp.) determining the rate of emission of electrons by the filament; in the early unit model cardiograph this varied, and a filament ammeter was necessary in the recorder unit. But in the latest combined model cardiograph the filament runs constanitly, so that a fixed resistance in series with it, giving a constant filament current (of usually 1-2 amp.), is all that is necessary: the filament ammeter can therefore be dispensed with, and a control is saved. Thirdly, there is the negative bias applied to the Wehnelt cylinder, or " shield "; this, in the cardiograph, is from 50 to 100 volts below the filament potential and requires an exact control for an accurate focus of the spot on the screen.
There are a few points about the character of the visible spot, produced by the cathode ray on the fluorescent screen, which require notice. The diameter of the moving spot is about 0 5 mm. The stationary spot appears larger and is not of uniform density. It is sometimes surrounded by a faint secondary aura. These points are fairly well shown in the oscillogram [exhibited] , which was one of the very first cathode ray electrocardiograms taken. Notice the blob at the R peak, and compare the diameter of the spot here with the width of the upgoing QR (or downgoing RS) line which represents the diameter of the moving spot. It shows that during an appreciably short time the spot actually stood still at the R peak. The fluorescent screen material used for this record was calcium tungstate, as is incorporated in the Cossor Type C cathode ray oscillograph. The cathode ray gives with this material a brilliant blue spot of intense actinic value, but there is no afterglow. If it is to be possible to examine directly on the screen of the oscillograph a curve, such as the electrocardiogram, where the time taken for the whole complex is longer than that of the persistence of vision, it is essential to have a fluorescent material which has a long afterglow, or decay period. For purposes of visual electrocardiography the brighter and the longer this afterglow can be made (within reasonable limits) the easier will visual observation of the electrocardiogram become. It was largely the production by Dr. Leonard Levy of a form of zinc sulphide with an extremely long afterglow [4] that allowed the development of the cathode ray electrocardiograph along its present lines, and made possible the extremely useful feature of immediate visual observation of the electrocardiogram. The Cossor Type G oscillograph, used in the cardiograph, has this material incorporated in its fluorescent screen. For recording purposes, as opposed to visual observation of the image, it is necessary for the fluorescent screen material to have good actinic value. We were fortunate in the Type G screen that the actinic response proves very adequate, and further fortunate that the green afterglow, although of excellent visual value, has so little actinic value that it does not produce any fogging or slurring of the photographic record.
Considering now some of the circuits immediately concerned with the cathode ray tube. First we have to keep in mind that, at the anode voltage of 700, the sensitivity of the soft cathode ray tube is roughly 0 5 mm. movement of the spot across the screen for each volt of difference between the members of a pair of deflecting plates, so that the whole fluorescent screen, being in diameter something rather more than 10 cm., represents a total voltage difference of about 200 volts, from top to bottom or from right to left. Theoretically, if all four deflecting plates are tied to the anode, the spot should appear exactly at the centre of the screen. But in practice it happens that the cathode ray, since it constitutes an electric current, is just as much sensitive to magnetic deflexion, as to electrical deflexion by the deflecting plates. Among other magnetic disturbances which may upset the position of the spot is that of the earth's field itself, and the position of the spot will be found to vary considerably as the cathode ray tube is moved about in space; it will undergo quite a surprising change of position when the tube points north and south to that which it occupies when the tube is south and north, or east and west. In addition it is essential to have some means of placing the spot at the exact position on the screen that we want. Considering therefore the vertical pair of deflecting plates (Y plates); we will say, for the sake of argument, that the lower plate is tied to the anode, i.e. at voltage 0. As the voltage of the top plate passes from -100 to + 100 (voltage being with respect to the anode) so will the spot move from the bottom to the top of the screen, by the refraction of the cathode ray in its passage through the field of force which exists between the two plates. If therefore we arrange a scheme of three potentiometers across the high tension supply, with resistance values arranged according to the voltages which are required, we shall be able to move the cathode ray about so that the spot will completely cover the whole. of the screen. The diagram ( fig. 2) shows the cathode ray oscillograph with its lower and right-hand plates arranged as the " shift plates," as they are called; the anode, or gun, potentiometer arranged for an anode voltage of 700; and the X and Y shift potentiometers with resistance values arranged so that the spot nicely covers the screen. It will be noted what high values of resistance are 596 Section of Physical Medicine used, with corresponding small current drain from the high tension supply, which is supposed 800 volts. The reason that this is possible is that the cathode ray itself takes appreciably no high tension current and acts entirely as a voltage recording device, so that although it is essential to have a source of really high voltage, the current drain from the supply is extremely small. In the instance depicted it is under 4 milliamp6res.
The two shift plates are the comparatively idle deflecting plates. The uses to which the two plates, Px1 and Py, (so far shown tied to the anode) may be put will vary according to the electrical problem on hand, and here we must pass from the general to the particular and show what we do with them in the case of the cardiograph. The (Pyl) vertical plate takes the output from the amplifier; Px1, if not tied to the anode, as it is where we wish to keep the spot stationary in the X axis (as in the photographic recording of the electrocardiogram), is connected to a " time base" circuit. Time base circuits are legion, and the correct application of a time base to the particular study in hand is one of the major and most fascinating problems of X Shift a Shift H341 800)1 (800) 4 cathode ray oscillography The time base used in the cardiograph is the simplest of all, and is arranged to give a straight traverse of the spot from left to right across the screen, at a rate which is (nearly) uniform and which can be varied (within certain limits) at the will of the observer. It is moreover a repeating time base, since the spot flicks back at the end of its traverse, and automatically begins the traverse again . A condenser, C, is slowly charged through a resistance, R, and quickly discharged across a Neon discharge tube, which is so designed that its "striking voltage"s is, in the instance we have considered, at 800 volts, and so that the "breaking voltage" is at 600 volts. On the curve therefore which is the simple curve of logarithmic increment representing the charging of a condenser, the variation of voltage difference between the conxdenser plates from A to B occurs slowly, so that Px1 becomes gradually more negative and the spot' is drawn slowly across the screen from left to right. At the striking voltage B there is a very rapid discharge of the condenser across the Neon tube, represented by a rapid voltage Proceedings of the Royal Society of Medicine 28 variation from B to the voltage of A. The spot thus flies back very rapidly from right to left, and again starts its slow left to right traverse across the screen. The voltage variations in time are represented by the small top curve, and have been picturesquely called a " saw-tooth voltage." It will be noticed that the curve is not quite straight between A and B, but for such a purpose as an electrocardiographic time base the traverse is sufficiently linear for all practical purposes. If we required a strictly linear time base, we should have to arrange a constant charging current for the condenser. This is commonly done by using the current passed by a saturated diode, which will therefore take the place, in our circuit, of the resistance (R). Just to give an indication of some of the time base systems which may be used it is sufficient to mention a few. A " double linotime" base is one where a saw-tooth voltage is applied to a Y plate as well as to an X plate, and the period of this second saw-tooth voltage so adjusted that the spot is moved down for the second traverse, and down a bit further for the third traverse, and so on. Such a scheme is the basic arrangement for picture scanning in television, and is known, in this connexion as the "raster." We can arrange a circular, an elliptical, or even a spiral time base. But for most physiological and medical purposes a linear time base, as detailed above, will be required.
In stringing together the various bits and pieces which have so far been put forward the reader is referred to a diagram previously published.' This shows the cathode ray tube, the filament supply, the potentiometers for the anode and X shift, and the resistance-condenser-Neon time base circuit, which is shown in this case fed through a variable resistance (R), with another fixed resistance in series; this fixed resistance limits the highest rate of condenser charging, and therefore the highest speed of traverse of the spot. Both Y plates are shown tied to the anode. The connexions of the Wehnelt cylinder are those which we had in the first unit model cardiograph. The negative bias for the correct focus of the spot is obtained by passing the return space current of the cathode ray tube through a variable resistance connected between filament and H.T. negative; the shield (Wehnelt cylinder) is then connected to the negative end of this resistance. A high resistance between the anode (gun) and the filament gives a certain positive bias to that end of the variable resistance, so that the spot may be completely faded out if desired. In the gas focused cathode ray oscillograph there is one inherent distortion, known as " origin distortion," which should be mentioned. But since it can be overcome, it is not proposed to go into its consideration in any great detail. An explanation is given of what is meant by the term, and an indication is given of the solution of the difficulty. Owing to the presence of positive ions in the gas focused tube the movement of the spot ceases to be a linear function of the voltage difference between a pair of deflector plates at the point where there is zero voltage difference between them, and for about 5 volts above and below this point. The diagram illustrates this. In the cardiograph, origin distortion in the X axis is of very little moment, since it will affect only a very small part of the time base sweep. That it does occur is, however, shown by the appended electrocardiogram. This is a Lead III from a case of complete heart-block, taken in the very early days before the cardiograph camera had been developed, with an ordinary camera and the spot moving across the screen on the time base, as for visual observation of the electrocardiogram. The significant part of the record is the P wave indicated, which is, so to speak, squashed up, because it happens, by a lucky chance, to have occurred just at the " origin " of the tube in the X axis. In the Y axis, on the other hand, origin distortion would cause appreciable distortion of the electrocardiogram. But an ingenious invention of von Ardenne, which is handled in this country by Messrs. A. C. Cossor, keeps the Y origin beyond the confines of the fluorescent 29 Section of Physical Medicine 599 screen. The way in which this is done is by splitting the PY2 plate into two, and, broadly speaking, using the new plate to bias the ray so that the origin lies outside the fluorescent screen. The Cossor Type G tube used in the cardiograph is, by this arrangement, therefore free from origin distortion in the Y axis.
A consideration of the intrinsic merits and disadvantages of the cathode ray oscillograph as a bio-electric recording instrument can be summarized roughly as follows:-(i) It is reasonably impossible to damage the instrument by overload voltages, since there is no mechanical part to be dislocated or broken.
(ii) Owing to the minute mass of the moving part, and inherent really in the jet principle, there is no distortion by reason of inertia of the moving part. (iv) With a fluorescent screen of long afterglow it will be possible to examine such a slow-moving curve as the electrocardiogram directly, and without the necessity for waiting for the development of photographic material.
(v) This direct examination is the next best thing to direct recording, as by an ink-writing mechanism. In such an instrument, the inertia of the moving part and friction between the pen (of whatever type) and paper must inevitably cause distortion of any bio-electrical curve, except the slowest moving (e.g. Berger rhythm of the brain).
(vi) Photographic recording by means of the cathode ray tube, for such a purpose as the recording of the electrocardiogram, is determined by the actinic image that the cathode ray spot produces on the fluorescent screen used. In contradistinction to the shadow recording of such an instrument as the string 600 Proceedings of the Royal Society of Medicine 30 galvanometer, the cathode ray oscillograph record is a direct light recording. Such phenomena therefore as the difference in size between the stationary, or nearly stationary, spot and the moving spot, as also the presence of secondary auras of appreciable actinic value, will necessarily affect the clarity of the resulting recorded image. For the same reason a lens of aperture to give just the right exposure, good spot focus, and a correctly adapted photographic emulsion will all play their part in determining a clear black and white electrocardiogram when using a cathode ray electrocardiograph. It will be easier to get a sharp-edged electrocardiogram by means of a shadow-recording instrument than it will by a light-recording instrument such as the cathode ray tube. But it is hoped that the reader will agree that the electrocardiograms which are shown, and which are an average record of those obtainable by the cathode ray electrocardiograph, are not inferior in clarity to the more common shadow-recorded electrocardiograms.1
Here follows a necessarily brief consideration of some of the problems of amplifier design. It will be realized that an amplifier must be designed specifically for the particular bio-electrical phenomenon which it is desired to examine. The main considerations will be the amount of amplification to be performed, and the time relations of the phenomenon to be examined. There may also, of course, be other factors which will affect the design; for instance, in an amplifier for use in a practical electrocardiograph, it will be an advantage if it can be arranged that no compensation for skin potentials is required. It will be remembered that, at the reasonable anode voltage of 700, 200 volts are required to cover entirely the screen of the cathode ray tube, which is rather over 10 cm. in diameter, so that for electrocardiographic purposes an amplifier which has fairly high gain, and which must be absolutely steady, is called for. The order of voltage to be amplified is reckoned in millivolts and tenths of millivolts. The design of an amplifier to give a steady output for such a purpose as the recording, by the cathode ray oscillograph, of such phenomena as nerve action potentials, where the action voltage is reckoned in microvolts, would be no small task, and the author does not envy those workers who are at present engaged on this problem. For our purpose, an amplifier which has an over-all gain of 80 to 120,000, representing a movement of the spot on the screen of 4 to 6 cm. per millivolt input, will be more than adequate. The amplifier of the cardiograph is, however, designed to give this amount of over-all amplification, so as to allow a reasonable latitude for inequalities of components, and so that there will still be adequate amplification when battery voltages have fallen slightly.
By way of preface to the ensuing remarks about amplifier design, an explanation of the term " time constant " 2 is given, since it will be necessary to use it a good deal in what follows. If a condenser is charged to a certain voltage Eo, and the charge in this condenser is allowed to leak away through a resistance R, the voltage Et between the condenser plates at the end of a time t is given by the expression: t C= RC where R is in ohms and C is the capacity of the condenser in farads; or, more practically, where R is in megohms and C is in microfarads. This expression represents the simple decremental logarithmic curve of discharge of a condenser, and is essentially exactly the same as, for instance, the mathematical expression for "Newton's law of cooling."
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Where t is put equal to RC:
This is the definition of the term " time constant" ; the time taken for the voltage between the condenser plates to become 36-8% of the voltage to which the condenser was originally charged; it is dependent on the size of the condenser and the ohmic value of the resistance through which the charge is allowed to leak away. The diagram clearly illustrates this simple conception; when the resistance is twice as large, the voltage difference between the condenser plates becomes 36 8% of the initial voltage in just twice as long a time.
The comparatively slow-moving character of most bio-electric events, notably the electrocardiogram, would appear to call for a direct current (D.C.) amplifier. But such an amplifier, although excellent for laboratory use in experienced hands, has certain disadvantages, which preclude its use in a practical portable electrocardiograph. numerous. We therefore decided to use a resistance-capacity coupled (R.C.C.)
amplifier. An important point in its favour is that compensation for steady D.C.
potentials, e.g. so-called "skin currents," becomes unnecessary; for, after an upset to the amplifier, such as a change of electrocardiographic lead, it is only necessary to wait for the amplifier to settle down. In the case of the cardiograph amplifier this settling period is about thirty seconds maximum. The length of the settling period depends on the coupling time constants of the amplifier; these are discussed below.
The cardiograph amplifier is a three-stage amplifier, the first two valves being battery-supplied triodes (Cossor, 210 RC), and the last a screen-grid tetrode (Cossor, 215 SG), with its anode supplied at high voltage from the same source as the cathode ray oscillograph. The use of such a high impedance output valve is only made possible by the almost infinitely high impedance of the cathode ray tube. The two intervalve couplings, and the coupling between the screen-grid valve and the oscillograph, are by a condenser and a grid leak of time constant four seconds. The diagram, the significant parts of which are marked R and C, illustrates this. 31 601 602
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The rest of the diagram refers to the filter circuit, the purpose of which is now outlined.
When we employ such exceptionally long an inter-coupling time constant as four seconds, it will be appreciated that unwanted electrical pulses of high frequency will tend to collect on the grid of the valve, since there is not time for them to leak away-so that, after a while, the valve will become what is called " blocked," where it has run into grid current and ceases to function as an amplifying device. It is possible, and in fact common practice, to screen the amplifier and the input circuiti.e. in an electrocardiograph, the patient-from these spurious high frequency disturbances. But such screening is not easy to carry out effectively, and certainly is not a practical procedure in an electrocardiograph for everyday use. We have therefore isolated each valve from such high-frequency voltages by a filter circuit arrangement, three stages of which are shown in the diagram. Roughly speaking, the series-grid resistance dams back high-frequency disturbances more than the low frequencies, and similarly the small condenser tends to shunt them off to earth; the same argument applies to the resistance and condenser isolating the anode of the valve. The time constant of each filter circuit unit is one thousandth of a second (0-001 sec.). In the cardiograph there are in effect five such filter units. The net effect is to cut off all high-frequency stuff from the oscillograph and to prevent it causing small oscillations of the spot, such as would tend to obscure the true electrocardiographic curve. At the same time the time constants of the filter units must be chosen to be sufficiently short not to cause any distortion of the higher frequency components of the electrocardiogranm. An examination of the frequency characteristic 1 of the cardiograph amplifier shows that it is materially flat from 0 1 to 30 cycles per second. It will possibly be doubted whether such a frequency characteristic, which represents the calculated response of the amplifier to a continuous sine-wave voltage, is a true indication of the performance of the amplifier. A more satisfactory method of examining the amplifier performance will be described immediately. But it should be noted, in passing, that the bare statement that the frequency characteristic of the amplifier falls off above 30 cycles per second is possibly a little misleading. Consider a statement from Sir Thonias Lewis's beautiful work " The AMechanism and Graphic Registration of the Heart Beat," and examine our amplifier in the light of this statement. He states (ibid., 3rd edition, p. 34), in speaking of ; See Ref. 1, fig. 7 , p. 1550.
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Section of Physical Medicine 603 the string deflection time of the string galvanometer: " For clinical purposes the deflection time should be at least as low as 0-02 of a second." Now the equivalent in " cycles per second" of " string deflection time" is a quarter of a cycle (one cycle between 0 and 2 radians, or 900), so that 30 cycles per second represent an equivalent string deflection time of f2oth of a second (0-0083 sec.), which is less than half Lewis's maximum. So that, on this basis alone, the high-frequency response of the cardiograph amplifier is well above standard.
A considerably more elegant and informative theoretical examination of the performance of the amplifier is a consideratiofi of its response to an electrical transient; that is, an abrupt voltage variation applied at the input of the amplifier, and the examination of the resulting output presented to the cathode ray oscillograph, which it is hoped has been convincingly proved to be itself free from distortion. Taking, therefore, a transient of the Heaviside type, where the voltage is raised abruptly at time t -0 to unit voltage, and maintained at that value indefinitely, we wish to examine the values of the output voltage at various times after the transient voltage has been presented to the amplifier; it will be necessary to examine both the low-frequency response, and the high-frequency response, of the amplifier from this point of view. Curves were shown illustrating the theoretically calculated low-frequency and high-frequency responses of the amplifier to an abrupt transient of this type.' Fig. 6 represents the total response to a transient of finite duration, and thus shows the possible distortions of such an amplifier as we use in the cardiograph. From A to B it is the high-frequency response which is of moment. During the continuance of the transient, i.e. from B to C, the lowfrequency distortions are operative. From C to D high frequencies again, and the part of the curve from D to E represents the recovery of the amplifier after the transient has passed. It is reiterated that the time constants of the cardiograph amplifier are so chosen that none of these distortions are appreciable in the case of such a transient as the electrocardiogram.
Obviously, such a theoretical consideration of distortion tendencies in the amplifier will not be one half as convincing as a sound experimental proof. The author has therefore developed, in conjunction with Dr. F. Postlethwaite, Ph.D.
(of Mlessrs. Cossor's), a machine that we nicknamed an "Artificial, or Patient." With its aid a very satisfactory experimental examination of the amplifier, and particularly the effect of the alteration of intervalve and filter timeconstants, may be made. The basic scheme of the " artificial patient " is shown in the rough sketch. A disc driven by a gramophone motor, and cut asymmetrically to represent a normal electrocardiogram, rotates between a light source and a slit. Immediately beneath the slit is a photo-cell, so that as the disc rotates it interrupts the light and so varies the resistance of the photo-cell, which therefore passes more or less current according to the instantaneous value of the light falling on it. The disc may be cut, to represent any electrical transient that is desired. The circuit that the author has found most useful for the "artificial patient" is that shown in fig. 8 . Without entering into details, its mechanism is roughly as follows. The varying photo-cell current produces variations in voltage between the ends of the 604 Section of Physical Medicine 2 megobm resistance. These voltages are then amplified by the valve and appear across its 100,000 obm anode resistance. The interrupted line represents the unusual earthing point of the circuit, which is thus all live to earth. The whole voltage variations produced across the 100,000 ohm resistance are carried away to a separate cathode ray tube, which constitutes the control. A small fraction of the anode voltage, that produced across the 5 ohm resistance, is fed to the cardiograph amplifier. It should especially be noted that'this arrangement is itself distortionproof, since any distortions produced must appear equally across both the resistances of the ainode circuit, and are therefore presented just as much to the control oscillograph as to the amplifier. It must be agreed that such an experimental verification of the soundness of an amplifier, which is to be used for the examination of the (generally) very small voltages produced by the activity of living tissues, is a desideratum if we are to draw any satisfactory conclusions from tbe recorded results. This is particularly so where it might appear, on superficial examination, that there is so much room for distortion of the proper bio-electric signal. It has been stated to me To show effect of most likelihood that low-frequency distortion will occur. There is inappreciable difference between the first three records; these are: (i) the control; (ii) amplifier with intercoupling time-constant of 8 seconds, and (iii) with time-constant of 4 seconds (which is the chosen value in the cardiograph). Nor is there much distortion where the time-constant is 2 seconds, but, with lower time-constants than this, distortion becomes increasingly more noticeable, till it is very bad. The reason that we do not choose a larger intercoupling time-constant for the cardiograph than is comfortably necessary to avoid distortion is that (as has been 37 Section of Physical Medicine 607 mentioned above) such a very long time-constant makes a correspondingly long settling period for the amplifier after a change of lead, &c. The effect of alteration of the filter circuit time-constants, in this case using a real patient, is shown in fig. 10 , This is the electrocardiogram of a physics worker at Cambridge, who was an exceptionally good and steady patient. It will be observed firstly, that there is no essential distortion of the electrocardiogram in the top curve, as compared with the others. The most noticeable effect of such high-frequency distortion will be, of course, shortening of the true height of the R-peak. But it is plainly evident, especially in the lowest curve, how unsteady the spot has become. The cause of this unsteadiness is mostly due to fine involuntary muscular tremor, producing muscle action potentials, which in the ordinary course will not get past the filters. And this is a good patient. The more ordinary patient, often a little nervous, would give a very shaky curve with an amplifier which had really low filter time-constants, and the cathode ray electrocardiograph would be a great deal less valuable as a practical diagnostic instrument if its amplifier had not a high-frequency cut-off arranged to be as reasonably low as is possible without distorting the electrocardiogram. Finally, a very reasonable criticism will probably be put forward. It will be said: "You have shown us a recording instrument, the cathode-ray oscillograph, which you have been at pains to prove is unique, in that it has no inertia and therefore no inherent distortions whatever, and now, in designing an amplifier for use with it, you deliberately introduce the electrical equivalent of inertia in order to use it." I
